Detailed presentation of the shuttle system Probe
The probe uses two coils to generate radiofrequency (rf) fields (B 1 ). We chose saddle coils that allow a vertical shuttle motion of the sample and resemble coils used in standard highresolution probes. The outer coil is matched to the 1 A vertical metal tube runs from the bottom of the probe to a position just below the rf coils. This tube is used to insert or eject the shuttle container and to guide the shuttle stopper and High-resolution relaxometry of ubiquitin S4 the shuttle touchdown pad ( Fig. S1B (1) top.) The shuttle stopper is fixed with two springs at the bottom of the coaxial tube. The shuttle stopper and spring serve as shock absorbers that center the shuttle container with respect to the rf coils (Fig. S1C) . The "lower attenuating connector" marks the transition between the central tube and the detection area at the top of the probe ( Fig. S1B (2).) A sensor was integrated in the lower attenuating connector to detect the mechanical position of the shuttle container. A shuttle protection glass tube ensures that the shuttle container is properly aligned (Fig. S1B (7) .) The interconnection between the top of the probe and the shuttle transfer system consists of an upper insert and a second attenuating connector ( Fig. S1B (10) .) An O-ring ( Fig. S1B (9) ) inserted between the gradient system ( Fig. S1B (11) ) and the upper insert further improves vibration damping.
The design of the rf circuit is similar to many high-resolution probes. Low-susceptibility and/or susceptibility-compensated materials were selected, particularly for the coil and capacitor wires and all surrounding components. As a result, the spectral resolution and line shape were comparable to those of a standard 600 MHz high-resolution probe. However, as expected, the NMR sensitivity of the shuttle probe is reduced by about an order of magnitude due to the lower filling factor and reduced volume of the sample.
Shuttle transfer system
The shuttle transfer system allows one to stop the shuttle at a predetermined position at a chosen height in the stray field above the magnetic center. The shuttle guide consists of a tube connected to the top of the probe at its lower end, and to the top of the cryostat of the main magnet at its upper end. At the top, a second tube, coaxial with the shuttle guide, is equipped with a 'stopper' that prevents the shuttle container to move beyond a well-defined position. This inner tube has been isolated from the outer one and a damping system has been designed to reduce vibrations and shock-waves from the shuttle motion and sudden stop. Inside the stopper a second optical sensor has been integrated to detect the precise position of the shuttle in the low field. The position of the stopper was measured before and after the experiments to ensure that the value of the magnetic field B 0 low was constant during the course of the experiment. 
Shuttle controller unit
The pneumatic shuttle control consists of a main unit and two satellite units ( 
Shuttle container
The shuttle system was developed to withstand fast motions and strong shocks caused by sudden stops. This is particularly important for the sample container (Fig. S3) . A special synthetic amorphous quartz was chosen for the glass parts (4) - (7) and a high performance polyimide resin for the caps (1) + (2). Two O-rings (3) were integrated in the caps as dampers to reduce shocks to the glass body. All of these materials have a low magnetic susceptibility to reduce distortions of NMR signals. The total sample volume (V2) is about is 110 µL, while the active volume (V1) of the sample is about 60 µL. Once filled, the container is sealed with glue. The shuttle container has a "bubble catcher" with a volume of about 10 µL to confine air bubbles that may appear in the sample and to accommodate thermal expansion of the sample. Bubbles appearing in the active volume of the sample can be easily centrifuged into the bubble catcher through a thin capillary. In our hands the samples are stable for several hours, and bubbles are predominantly confined in the bubble catcher.
Temperature Control
The sample temperature was monitored using chemical shifts differences of a few selected pairs of residues in 1 H-15 N HSQC spectra of ubiquitin:
). These differences in chemical shifts were then fitted to a linear function of the temperature. The table below summarizes the temperatures of all experiments performed in our study. The experiments at B 0 = 22.3 T (950 MHz for 1 H) were acquired at T = 298.5 K, about 2 K higher than all other experiments In order to correct for this temperature difference we used experiments at 14.1T as a reference. Using a full set of relaxation rates (R 1 , R 2 , NOE, longitudinal η z and transverse η xy cross-correlations) we estimated the overall correlation times at B 0 = 14.1 T and B 0 = 22.3 T. We assigned the variation of τ c to the change of viscosity of water with temperature. Taking this effect into account, we corrected the experimental relaxation rates observed at 22.3 T prior to analysis of the relaxation rates in terms of dynamics.
The ICARUS protocol
ICARUS is a MATLAB package for the Iterative Correction and Analysis of Relaxation rates Under Shuttling which permits a quantitative analysis in terms of local dynamics of longitudinal relaxation rates ( 15 N R 1 ) recorded at a series of low magnetic fields. In order to achieve this, ICARUS is adapted from a well-known program developed for the analysis of highfield nitrogen-15 relaxation, using model-free or extended model-free spectral density functions.
This package uses both ROTDIF 1 to obtain overall tumbling parameters and DYNAMICS 2 to fit microdynamics parameters (S 2 , τ c , τ loc , S 2 f , τ f ).
Spectral density functions
The spectral density functions J(ω) used are:
where S 2 is the generalized order parameter, ! the overall isotropic rotational correlation time of the molecule, and ! = ! !"# ( ! + !"# ) where !"# is a single effective correlation time that describes all internal motions.
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(ii) Extended model-free: = 
Spin System
All simulations of spin dynamics were carried out for the following spin system comprising one nitrogen-15 and 3 protons with the following distances and interactions:
The relaxation matrix was approximated by:
with 3 :
where 
First step of ICARUS

Iterative analysis with ICARUS
The dynamic parameters obtained in the first step are used next to calculate the evolution of each spin system during the transfer between the high-and low-field positions as well as during the relaxation and stabilization delays (see Figure 3 ).
The elements of the relaxation matrix depend on the magnetic field. The transfer durations shown in table S3 and Figure S4 have been determined by using optical sensors. The position of the shuttle is described by a trajectory with a short lag time at the starting position followed by motion at a constant speed of about 11 m/s. There is an additional pre-shuttling delay of 26 ms in high field. In the simulations, the time-dependence of the populations is integrated along the trajectory from the high-to the low-field positions.
To simulate relaxation during the transfer, a time-dependent relaxation matrix is derived as a function of the position of the shuttle. The same approach is employed for relaxation during the back-transfer from the low-to the high-field position, with a somewhat lower speed, also assumed to be constant, of about 6.5 m/s. Relaxation during the stay at the low-field position is also simulated. An additional 40 ms delay accounts for the minimum duration of the stay at the low-field position. The last step is the calculation of the relaxation of the spin system during the 100 ms stabilization delay once the shuttle has returned to the high field position.
High-resolution relaxometry of ubiquitin S13 Figure S4 : Correlation between the height above the high-field position and the shuttling time.
The speed of the shuttle is higher for the upward motion (v = 11 m/s) than for the downward motion (v = 6.5 m/s). The correlation confirms that the velocity is constant after the initial timelag. (In practice, relaxometry data were often recorded with slightly different pneumatic settings, which explains small variations between these data and those presented in Table S3 .) All simulated relaxation decays were fitted to mono-exponential functions. The deviations with respect to calculated longitudinal relaxation rates of nitrogen-15 nuclei are used to correct the experimental relaxation rates. These rates are used, along with high field relaxation data ( 15 N R 1 and 15 N{ 1 H} NOE) as input for DYNAMICS in the subsequent steps of the ICARUS analysis.
The convergence of the analysis is fast for most residues, although up to four steps may be required for all residues to converge. The final set of microdynamic parameters is given in Table S11 . A flow-chart describing the program is shown in Figure S5 .
Error evaluation
The determination of relaxation rates in low fields is more challenging than in high fields.
Our analysis takes some of the complexity of the spin systems into account, with approximate evaluations of cross-relaxation pathways involving a manifold of interactions (proton-proton dipole-dipole couplings, CSA tensors…). It is unlikely that spectral noise is the main source of errors. In order to evaluate systematic errors, we implemented a jack-knife procedure. We have 
